The adverse hemodynamic effects of blood pressure (BP) are mediated by both a steady state as well as a pulsatile component of BP. Several aortic changes produced by modifiable conventional risk factors contribute to pulsatile hemodynamic effects beyond steady-state pressures, and consequently determine cardiovascular damage. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In this regard, an increased aortic stiffness enhances aortic characteristic impedance and thus forward wave pressures (Pf). Moreover, increases in the magnitude of aortic backward wave pressures (Pb) or the speed of wave reflection augment pulse pressure (PP). Although these aortic changes influence brachial PP, increases in aortic stiffness, 1,2 as well as Pf and Pb, 3-10 predict events or associate with end-organ changes independent of brachial PP. That these aortic functional changes predict events independent of brachial PP is attributed to amplification of PP from the aorta to the brachial artery, thus rendering brachial PP a poor index of aortic pressure pulsatility. However, there is also presently considerable uncertainty as to whether aortic rather than brachial PP adequately indexes aortic functional changes.
The adverse hemodynamic effects of blood pressure (BP) are mediated by both a steady state as well as a pulsatile component of BP. Several aortic changes produced by modifiable conventional risk factors contribute to pulsatile hemodynamic effects beyond steady-state pressures, and consequently determine cardiovascular damage. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In this regard, an increased aortic stiffness enhances aortic characteristic impedance and thus forward wave pressures (Pf). Moreover, increases in the magnitude of aortic backward wave pressures (Pb) or the speed of wave reflection augment pulse pressure (PP). Although these aortic changes influence brachial PP, increases in aortic stiffness, 1,2 as well as Pf and Pb, [3] [4] [5] [6] [7] [8] [9] [10] predict events or associate with end-organ changes independent of brachial PP. That these aortic functional changes predict events independent of brachial PP is attributed to amplification of PP from the aorta to the brachial artery, thus rendering brachial PP a poor index of aortic pressure pulsatility. However, there is also presently considerable uncertainty as to whether aortic rather than brachial PP adequately indexes aortic functional changes.
Although meta-analyses of a number of studies have demonstrated that aortic pulse wave velocity (PWV), an index of aortic stiffness, is a striking independent predictor of cardiovascular events, 1,2 meta-analyses of the impact of aortic PP on events has not produced similarly impressive effects. 3 Furthermore, in the Framingham Heart Study, while aortic PWV 11 and consequent increases in Pf 8 were demonstrated to predict events, aortic PP failed to do so beyond brachial PP. 11 An adverse effect of aortic stiffness on endorgans beyond central aortic PP (PPc) has, therefore, been postulated. In this regard, it is proposed that an increased aortic impedance enhances the transmission of energy into distal vessels (not necessarily through increases in aortic PP) by decreasing the impedance mismatch between these vessels. [12] [13] [14] [15] [16] A limited ability of PPc to index risk-related changes in aortic PWV and Pf may be accounted for by the relatively greater contribution of Pb rather than Pf to variations in PPc. 9 Presently there are no data from large studies to indicate whether independent associations between risk factors and aortic functional changes beyond steady-state pressures manifest with parallel increases in PPc. Hence, in the present study conducted in a large community-based sample, we aimed to determine whether relations between modifiable conventional risk factors and PWV and Pf independent of steady-state pressures (mean arterial pressure (MAP)) are adequately indexed by PPc.
METHODS

Study participants
The present study was conducted according to the principles outlined in the Helsinki declaration. The Committee for Research on Human Subjects of the University of the Witwatersrand approved the protocol (approval number: M02-04-72 and renewed as M07-04-69, M12-04-108, and M17-04-01). Participants gave informed, written consent. The present study design has previously been described. 17, 18 In the present study, 1,232 participants from randomly recruited (from the population census figures of 2001) families of black African descent (Nguni and Sotho chiefdoms) from the South West Township (SOWETO) of Johannesburg, South Africa, with siblings older than 16 years, were evaluated.
Clinical, demographic, and anthropometric measurements
A questionnaire was administered to obtain demographic and clinical data. 17, 18 Height and weight were measured using standard approaches and participants were considered to be overweight if their body mass index was ≥25 kg/m 2 and obese if their body mass index was ≥30 kg/m 2 . Laboratory blood tests of renal function, liver function, blood glucose, hematological parameters, and percentage glycated hemoglobin (HbA 1c ) were performed. Diabetes mellitus was defined as the use of insulin or oral hypoglycemic agents or an HbA 1c value greater than 6.5%. High-quality office brachial BP measurements were obtained according to guidelines in the seated position and after 5 minutes of rest, by a trained nurse-technician using a standard mercury sphygmomanometer. 17 The mean of 5 measurements obtained at least 30 seconds apart was taken as office BP. Hypertension was defined as a mean office BP ≥140/90 mm Hg or the use of antihypertensive medication. Uncontrolled hypertension was defined as office BP values >140 or 90 mm Hg systolic or diastolic BP, respectively.
Pulse wave analysis
Central aortic hemodynamics were estimated using pulse wave and wave separation analysis as previously described. 9, 10, 17, 18 After participants had rested for 15 minutes in the supine position, arterial waveforms at the radial (dominant arm) pulse were recorded by applanation tonometry during an 8-second period using a high-fidelity SPC-301 micromanometer (Millar Instrument, Inc., Houston, TX) interfaced with a computer employing SphygmoCor, version 9.0 software (AtCor Medical Pty. Ltd., West Ryde, New South Wales, Australia). The pulse wave was calibrated by manual measurement (auscultation) of brachial BP taken immediately before the recordings. The peripheral pressure waveform was converted into a central aortic waveform using a validated generalized transfer function (GTF) incorporated in SphygmoCor software. Recordings where the systolic or diastolic variability of consecutive waveforms exceeded 5% or the amplitude of the pulse wave signal was less than 80 mV were discarded. Central aortic PP (PPc) was determined as the difference between aortic systolic BP and diastolic BP. As SphygmoCor software employs a GTF to derive PPc (GTFderived PPc), we also determined PPc from the second systolic shoulder of the radial pulse (P 2 -derived Pc). 18 Aortic Pf and Pb were determined from wave separation analysis of the SphygmoCor-derived aortic pressure waveform using a "triangular flow wave" (also from SphygmoCor software). 9, 10 Aortic PWV was determined from sequential waveform measurements at carotid and femoral sites using applanation tonometry and SphygmoCor software. The time delay in the pulse waves between the carotid and femoral sites was determined using an electrocardiograph-derived R wave as a fiducial point. Pulse transit time was obtained from the average of 10 consecutive beats. The distance which the pulse wave travels was determined as the difference between the distance from the femoral sampling site to the suprasternal notch, and the distance from the carotid sampling site to the suprasternal notch.
Statistical analysis
For database management and statistical analysis, SAS software, version 9.4 (SAS Institute Inc., Cary, NC) was employed. Continuous variables were expressed as mean (SEM or SD). Dichotomous variables were expressed as proportions or percentages. Multiple regression analysis was performed to determine the independent relations between conventional risk factors and aortic function. Adjustments included in multivariate models were those associated with aortic function as well as for steady-state pressures or distending pressure effects on pulsatile hemodynamic parameters (MAP).
RESULTS
Participant characteristics
The participant characteristics are given in Table 1 . A high proportion of participants were obese or had diabetes mellitus or hypertension. A significant percentage of hypertensives had uncontrolled hypertension despite a high proportion (around half) of these individuals receiving antihypertensive medication.
Risk factors independently associated with aortic function
In stepwise regression models, age, MAP, diabetes mellitus, and uncontrolled hypertension were independently associated with aortic Pf (Table 2 ). The use of HbA1c instead of a diagnosis of diabetes mellitus was not independently associated with Pf (P = 0.28). While diabetes mellitus (Table 2) or in separate regression models HbA1c (P < 0.0001) were independently associated with aortic PWV, with adjustments, including for MAP, uncontrolled hypertension was not (Table 2) . A diagnosis of hypertension, irrespective of treatment, failed to independently associate with any aortic hemodynamic variable (data not shown). Importantly, only age and MAP were independently and directly associated with brachial and aortic PP and Pb (Tables 2 and 3) . Neither a diagnosis of diabetes mellitus (Tables 2 and 3) , nor HbA1c (brachial PP, P = 0.54; GTF-derived PPc, P = 0.39; P 2 -derived PPc, P = 0.57), were independently associated with either brachial or aortic PP. Neither body mass index, nor smoking were independently and directly associated with any hemodynamic variable (Tables 2 and 3 ).
Multivariate adjusted changes in aortic function
Both diabetes mellitus ( Figure 1 ) and uncontrolled hypertension ( Figure 2 ) were independently associated with an increased multivariate adjusted Pf. Moreover, diabetes mellitus (Figure 1 ), but not uncontrolled hypertension (Figure 2) , was independently associated with PWV. Importantly, however, neither diabetes mellitus nor uncontrolled hypertension were independently associated with brachial and aortic PP, or Pb (Figures 1 and 2 ).
DISCUSSION
The main findings of the present study are as follows: In a large, representative, community-based sample with a high prevalence of modifiable conventional risk factors, independent of steady state or distending pressures (MAP) and additional confounders, both diabetes mellitus and uncontrolled hypertension were associated with aortic Pf, but not with either brachial or aortic PP. Importantly, neither diabetes mellitus nor uncontrolled hypertension were associated with aortic Pb.
It is well accepted that because of aortic-to-brachial PP amplification, brachial PP is an inadequate index of the adverse hemodynamic effects of changes in aortic function. More recently, however, the value of aortic as opposed to brachial PP, as an appropriate index of aortic dysfunction, has been questioned. 3, 11 In this regard, in the present study, Abbreviations: DBP, diastolic blood pressure; GTF, generalized transfer function; HDL, high-density lipoprotein; LDL, low-density lipoprotein; P 2 , second systolic shoulder of the radial pulse; PPc, central aortic pulse pressure; SBP, systolic blood pressure. Abbreviations: β coeff., standardized β coefficient; Pb, backward wave pressures; Pf, forward wave pressures; PWV, aortic pulse wave velocity.
a Diagnosed according to treatment or an HbA1c >6.5%. Heart rate was also included in models with PWV.
we show that the 2 major modifiable risk factors for aortic dysfunction, uncontrolled hypertension and diabetes mellitus, despite being independently associated with aortic PWV (diabetes mellitus) and Pf (diabetes mellitus and uncontrolled hypertension), were not independently associated with aortic PP. These findings are in-part in agreement with studies that show that while aortic PWV, 11 Pf, 8 or PP amplification [19] [20] [21] [22] may predict events, in these same studies 8, [19] [20] [21] [22] aortic PP failed to predict events beyond brachial PP. Hence, taken together, the results of the present and previous 8, 11, [19] [20] [21] [22] studies suggest that risk-related changes in aortic function are poorly indexed by alterations in not only brachial PP, but aortic PP as well. What is the possible explanation for the lack of impact of diabetes mellitus-induced increases in aortic PWV and risk factor-related increases in aortic Pf on aortic PP? In this regard, aortic PP is determined by forward and backward component waveforms. When the impact of these component waveforms on aortic PP is assessed in the same regression models in the present study sample, the aortic Pb has previously been noted to contribute substantially more than the Pf to variations in aortic PP. 9 Moreover, aortic Pb have been demonstrated in the present study sample to largely account for brachial PP-independent associations between aortic PP and end-organ measures. 9, 10 Consequently, increases in aortic PP could better reflect the impact of an enhanced Pb effect, at least in the present sample. Thus, although computational modeling suggests that most variations in aortic PP are determined by the effects of impedance and flow, 23 changes which determine Pf, it is nevertheless possible that in the present sample aortic PP is less likely to accurately reflect Pf effects.
Characteristic impedance, a key determinant of Pf, is driven in-part by aortic stiffness which is indexed by aortic PWV. In the present study, although diabetes mellitus was independently associated with aortic PWV and hence Pf, uncontrolled hypertension was independently associated with Pf, but not aortic PWV. The question, therefore, arises as to whether increases in aortic stiffness account for relations between uncontrolled hypertension and Pf. Importantly, to eliminate the impact of steady-state and distending pressure effects on aortic stiffness, we adjusted for MAP.
In associations between hypertension and aortic stiffness, this approach would in-part account for an uncontrolled BP and hence over-adjust for the impact of hypertension. Therefore, it is likely that in the present study, uncontrolled hypertension does indeed account for a high proportion of the variation in aortic PWV and that this in-part determines Pf, but that the impact was masked by over-adjustment in regression models. However, adjustments for MAP did not eliminate relations between uncontrolled hypertension and Pf. Consequently, at least some of the relationship between uncontrolled hypertension and aortic Pf could be accounted for by an impact of factors other than stiffness along the length of the aorta. In this regard, it is possible that mainly proximal aortic stiffness, not measured in the present study, better accounts for changes in Pf. 24 Alternatively, uncontrolled hypertension may contribute to alterations in aortic diameter and aortic diameter may influence characteristic impedance and hence Pf. 25 Further studies are, therefore, warranted to assess whether Pf effects produced by uncontrolled hypertension or diabetes mellitus are accounted for more by proximal aortic stiffness rather than stiffness over the full length of the aorta, or by alterations in aortic diameter.
The present study was conducted in one ethnic group. Importantly, in apparently healthy individuals of the present community sample, markedly higher aortic augmentation indexes have been noted as compared to alternative communities around the world. 26 Although aortic augmentation index is influenced by several variables, a strong determinant is aortic Pb. As variations in aortic PP in the present community sample are strongly governed by aortic Pb, 9 the inability of aortic PP to index the impact of conventional risk factors on Pf or the determinants thereof may be a finding specific to the present community. In contrast, in alternative ethnic groups in which backward waves may not contribute as much to variations in aortic PP as in the present population, aortic PP may adequately index the adverse effects of Pf or the determinants thereof. Further studies in alternative ethnic groups are, therefore, required to evaluate this hypothesis.
There are several alternative limitations to the present study that warrant consideration. First, the present study was cross-sectional in design and hence no conclusions regarding causality can be drawn. Second, the use of the "triangulation method" of aortic wave separation to derive aortic Pf and Pb has been questioned. 27 However, relations between diabetes mellitus and aortic PWV failed to translate into similar relations between PWV and aortic PP. Thus, irrespective of the limitations of deriving Pf, in the present study, the conclusion that aortic PP does not adequately reflect aortic functional changes still holds. Third, in the present study, calibration of the radial waveform from brachial BP measurements ignores amplification of BP from brachial to radial arteries. 28 Hence, aortic pressures may have been underestimated using the current approach. However, both Pf and Pb would have been similarly affected by this calibration error, and aortic Pf, but not Pb, were independently associated with uncontrolled hypertension and diabetes mellitus. Fourth, PWV measurements were obtained from pulse transit distance using subtracted distances (difference between the distance from the femoral sampling site to the suprasternal notch, and the distance from the carotid sampling site to the suprasternal notch), prior to the recommendation that a standardized approach of 80% of the direct carotid-femoral distance be used. 29 Hence, our PWV values are marginally different from standard noninvasive measurements. 30 Fifth, SphygmoCor software employs an undisclosed GTF to derive aortic BP values. However, we also estimated aortic PP from the second systolic shoulder of the radial pulse, 18 which does not require the use of a GTF and using this approach we obtained essentially the same results as with GTF-derived aortic PP.
In conclusion, we show that in a large, community-based study with a high prevalence of hypertension and diabetes mellitus, that despite these risk factors being associated with several aortic functional changes, including aortic stiffness, and Pf independent of steady-state pressures and additional confounders, that similar relations with both brachial and aortic PP do not occur. Hence, these data support the view that neither brachial nor aortic PP adequately index aortic functional changes associated with cardiovascular risk. Multivariate adjusted aortic and brachial hemodynamic parameters in patients with vs. without diabetes mellitus in a community-based sample. Adjustments are for age, sex, uncontrolled hypertension, mean arterial pressure, heart rate (for PWV only), body mass index, regular smoking, and regular alcohol intake. Abbreviations: Pb, backward wave pressures; Pf, forward wave pressures; PPb, brachial pulse pressure; PWV, aortic pulse wave velocity. GTF-derived PPc, central aortic pulse pressure derived from a generalized transfer function; P 2 -derived PPc, central aortic pulse pressure derived from the second systolic shoulder of the radial pulse. Data shown are multivariate adjusted means and SEM. *P < 0.005, **P < 0.0001 vs. nondiabetics.
Figure 2.
Multivariate adjusted aortic and brachial hemodynamic parameters in patients with vs. without uncontrolled hypertension in a communitybased sample. Adjustments are for age, sex, diabetes mellitus, HbA1c, mean arterial pressure, heart rate (for PWV only), body mass index, regular smoking, and regular alcohol intake. Abbreviations: Pb, backward wave pressures; Pf, forward wave pressures; PPb, brachial pulse pressure; PWV, aortic pulse wave velocity. GTF-derived PPc, central aortic pulse pressure derived from a generalized transfer function; P 2 -derived PPc, central aortic pulse pressure derived from the second systolic shoulder of the radial pulse. Data shown are multivariate adjusted means and SEM. *P < 0.0005 vs. those with a controlled blood pressure.
